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Abstract
Recently, three successful antineutrino experiments (Daya Bay, Double Chooz,
and RENO) measured the neutrino mixing angle θ13; however, significant dis-
crepancies were found, both in the absolute flux and spectral shape. Much
effort has been expended investigating the possible reasons for the discrep-
ancies. In this study, Monte Carlo-based sampling was used to evaluate
the fission fraction uncertainties. We found that fission cross-section uncer-
tainties are an important source of uncertainty for 235U, 239Pu, and 241Pu,
but for 238U, elastic and inelastic cross-sections are more important. Among
uncertainty related to manufacturing parameters, fuel density is the main un-
certainty; however, the total manufacturing uncertainty was very small. The
uncertainties induced by burnup were evaluated through the atomic density
uncertainty of the four isotopes. The total fission fraction uncertainties from
reactor simulation were 0.83%, 2.24%, 1.79%, and 2.59% for235U, 238U, 239Pu,
and 241Pu, respectively, at the middle of the fuel cycle. The total fission frac-
tion uncertainty was smaller than the previously derived value of 5%. These
results are helpful for studying the reactor antineutrino anomaly and pre-
cisely measuring the antineutrino spectrum in the Daya Bay antineutrino
experiment.
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1. Introduction
Antineutrinos produced by nuclear reactors are used to study neutrino
oscillations and search for signatures of nonstandard neutrino interactions
in the kilometer-baseline reactor experiments Daya Bay[2], Double Chooz[1],
and RENO[3]. Antineutrinos can also be used to monitor reactor condi-
tions to safeguard operations[4]. Although the neutrino mixing angle θ13
was successfully determined by these experiments, comparison of the mea-
sured spectra of kilometer- and short-baseline experiments to the most up-
to-date predictions showed significant discrepancies both in the absolute flux
and spectral shape. A 2.9σ deviation was found in the measured inverse
beta decay positron energy spectrum compared to predictions. In particu-
lar, an excess of events at energies of 4 – 6 MeV was found in the measured
spectrum[5, 6, 7], with a local significance of 4.4σ. These results have brought
home the notion that neutrino fluxes are not as well understood as had been
thought. At present, it is not clear what physical processes give rise to the
neutrino spectra bump. Much effort has been focused on the reactor antineu-
trino anomaly, which arose from improved calculations of the antineutrino
spectra derived from a combination of information from nuclear databases
with reference β spectra[8, 9, 10, 11].
In reactor antineutrino experiments, the following formula is usually ap-
plied to calculate the antineutrino spectrum for the reactor:
S(Eν) =
Wth∑
j fjej
∑
i
fiSi(Eν), (1)
where Wth(MeV/s) is the reactor thermal power, fj is the fission fraction
associated with each isotope (235U, 238U, 239Pu, and 241Pu), ej is the thermal
energy release per fission event for each isotope, and Si(Eν) is a function of
the ν¯e energy Eν signifying the ν¯e yield per fission for each isotope. Therefore,
the bump in the reactor neutrino spectra may be caused mainly by one
isotope or by some important fission event[12, 13, 14].
The antineutrino flux is an important source of uncertainty associated
with measurements in reactor neutrino experiments. To evaluate uncertain-
ties in reactor simulations, the calculated concentrations of each isotope using
different reactor simulation codes were compared with a benchmark[15], and
a proximate method was proposed to determine the fission fraction uncer-
tainty using concentration uncertainty. Using the Takahama-3 benchmark
and the largest burnup sample calculated with MURE and DRAGON, the
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concentration differences of each isotope between the calculated value and
experimental data were about 5%[16]. The fission fractions for the Daya Bay
reactor were also simulated using DRAGON and compared with results ob-
tained with the SCIENCE code[17]. It was found the average deviation for
235U, 238U, 239Pu, and 241Pu were 0.71%, 4.2%, 2.1%, and 3.5%[18], respec-
tively. However, the fission fraction uncertainty as a function of burnup was
not reported. To investigate this question and determine the correlation co-
efficient of the fission fraction of different isotopes, a new Monte Carlo-based
method was proposed using the one-group fission cross section and concentra-
tion of each isotope[19]. That paper also discussed a coefficient to correlate
the results with the burnup function. However, these previous studies did not
solve the problem of identifying the main source of uncertainty in the fission
fractions. Thus, the purpose of this study was to investigate fission frac-
tion uncertainties induced by neutron cross section and fuel manufacturing
uncertainties in a reactor simulation.
This paper is structured as follows. The Monte Carlo-based sampling
method used for evaluation of uncertainties of fission fractions is introduced
in Section 2. To generate a library of samples for the transport calcula-
tion, the Sensitivity and Uncertainty Analysis Code for Light Water Reactor
(SUACL) was developed, and the Three Mile Island Unit 1 (TMI-1) bench-
mark and a mixed oxide fuel (MOX) test were used to verify the code, as
described in Section 3. Section 4 discusses how all the reaction types for
the four isotopes and other important isotopes, atomic density uncertainties
induced by burnup, and manufacturing parameters were taken into account
to evaluate uncertainty of fission fractions. The last section provides conclu-
sions.
2. Monte Carlo-Based sampling method
In reactor simulations, we always focus on the neutronics characteristics
because the fission power and chain reaction are determined by the neutron
flux. Therefore, reactor simulation is generally called a neutronics calcula-
tion. The simulation results are affected by various uncertainties, including
material composition, geometry, operation conditions, measured plant data,
neutron cross section, and model approximations. In this study, the impact
of cross section and fuel manufacturing parameter uncertainty on the fission
fraction results was evaluated.
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Fig. 1: Uncertainty estimation of fission fractions for antineutrino experiments using Monte
Carlo-based sampling
Propagation of cross section uncertainties to core characteristics has been
traditionally evaluated by the sandwich variance formula[20, 21]. There are
three difficulties in using the sandwich formula for pressurized water reactor
(PWR) uncertainty analysis: complicated calculation sequence, nonlinear ef-
fects of thermal hydraulics and burnup, and the large number of input and
output parameters. Recently, the Monte Carlo-based sampling method has
attracted attention, since it can avoid these major difficulties. The proce-
dures for uncertainty estimation of the fission fraction for antineutrino ex-
periments using Monte Carlo-based sampling method is shown Fig.1. Gen-
erally, cross sections can be divided into basic and integral sections. The
integral cross sections are composed of basic cross sections. The cross sec-
tion uncertainties are stored in their covariance data. Different approaches to
evaluating a nuclear data library may lead to different analysis results. The
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Fig. 2: The correlation matrix of 235U and 238U for (n,γ) cross section
covariance data used in this study were produced using the NJOY code[22]
based on the ENDF/B-VII.1[23] and JENDL-4.0 libraries[24]. The covari-
ance matrices for 235U and 238U for the (n,γ) cross section are shown in Fig.
2. Other important inputs are the engineering parameters for fuel/assembly
manufacturing[27], which are crucial to the simulation model. The uncer-
tainty of these parameters can propagate to the results and reduce their
accuracy. The SUACL code was designed specifically to analyze the uncer-
tainty of neutron cross section and manufacturing parameters.
In the Monte Carlo-based sampling method, samples are randomly taken
from the parent population. In this study, multi-group microscopic cross
sections were randomly sampled using the covariance matrix. Multi-group
means that the neutron energy have been divided many segments, and each
segment is called one group. Sets of sampled cross sections approximately
represent the distribution of the microscopic cross sections due to the nature
of measurement error. Cross sections are randomly perturbed[28] by
σperx,g = Px,g × σx,g (2)
where Px,g is the perturbation factor for a microscopic cross section, σ
per
x,g is the
perturbed microscopic cross section, σx,g is the unperturbed microscopic cross
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section in the original cross section library, x is the type of cross section, and g
is the energy group. The total sample number is set 100 for each reaction type
of each isotope. Multi-group, microscopic cross sections in the original cross
section library were perturbed by Eq. (2) to generate the perturbed cross
section library. A procedure for generating vectors of dependent random
variables consistent with a given covariance matrix involves performing a
spectral decomposition of the matrix.
Σ = V ×D×VT. (3)
The matrix of relative covariance,Σ, is decomposed into three matrices, where
V is a matrix whose columns are eigenvectors of Σ and D is a diagonal
matrix of eigenvalues that correspond to the eigenvectors in V. Matrix Σ1/2
is defined as
Σ1/2 = V ×D1/2 ×VT (4)
where D1/2 is a diagonal matrix whose elements are the roots of the elements
in D. The perturbed factor can be calculated using Eq. (5)[29].
P(Σ) = Σ1/2G(0,1) + I, (5)
where G is a vector of n normally distributed dependent random variables
with a mean of zero and standard deviation of 1 and I is a identity matrix.
3. Validation of SUACL for PWR pin cell analysis
The SUACL code evaluates fission fraction uncertainty in the reactor
simulation using Monte Carlo sampling[25]. The perturbed nuclear library
is generated by SUACL, as shown in Fig. 1, and then the reactor simu-
lation code DRAGON[26] applies the perturbed nuclear library to do the
transport calculation. To verify the SUACL code, the TMI-1 PWR fuel cell
benchmark[27] and MOX cell were used. Parameters of the TMI-1 and MOX
datasets are shown in Table 1. The uncertainty of the infinity multiplication
factors for the TMI-1 and MOX cells, which were evaluated using SUACL,
are shown in Table 2. We found that the SUACL results were consistent with
those obtained with other codes, such as TSUNAMI-1D, for the TMI-1 and
MOX cells.
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Table 1: Parameters of TMI-1 and MOX cell
Parameters MOX cell TMI-1 cell
Fuel material (U,Pu)O2 UO2
Gap material N/A He gas
Clad material Zircaloy-4 Zircaloy-4
Moderator H2O H2O
Fuel pellet/mm 9.020 9.391
Gap thickness/mm 0.0 0.955
Clad thickness/mm 0.380 0.673
Unit cell pitch/mm 12.60 14.427
Table 2: Uncertainty of infinity multiplication factor kinf (%)
Isotopes Reaction Parameters CASMO-4[30] TSUNAMI[31] UNICORN[32] SUACL
UO2
238U σn,γ 0.325 0.284 0.377 0.394
238U σelastic 0.039 0.106 0.114 0.211
235U σn,γ 0.223 0.210 0.196 0.209
235U σf 0.078 0.077 0.079 0.084
H σelastic 0.027 0.026 0.038 0.037
MOX
239Pu σn,γ N/A 0.204 N/A 0.211
239Pu σf N/A 0.192 N/A 0.182
240Pu σn,γ N/A 0.088 N/A 0.063
242Pu σn,γ N/A 0.012 N/A 0.011
238U σn,γ N/A 0.215 N/A 0.284
238U σf N/A 0.018 N/A 0.017
235U σn,γ N/A 0.061 N/A 0.059
235U σf N/A 0.025 N/A 0.020
H σelastic N/A 0.038 N/A 0.030
σn,γ represent capture cross section,σf fission cross section, σelastic elastic scattering cross
section
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4. Reactor simulation uncertainty for antineutrino experiment
Four isotopes, namely 235U, 238U,239Pu, and 241Pu, are important to an-
tineutrino experiments because more than 99.0% of the antineutrinos are
emitted from these isotopes. To predict antineutrino flux for an antineutrino
experiment, the fission fraction of each isotope is needed according to Eq.
(1). The process of evaluating the fission fraction depends on how neutrons
are handled in the reactor simulation . In general, the neutron behavior
is described by a neutron transport equation and the cross sections of neu-
trons with matter are the coefficients of the transport equation. The fission
fraction of isotopes fi (i=
235U, 238U,239Pu, and 241Pu) can be defined as
fi =
Ni
∑G
g=1 σi,g,fφg∑
iNi
∑G
g=1 σi,g,fφg
, (6)
where σi,g,f is the microscopic cross section of isotope i in group g, g is the
neutron energy number, G is the total neutron energy group number, Ni is
the atomic density of the isotope, and φg is the neutron flux of group g (as
calculated by DRAGON). From Eq. (6), we can see that the fission fraction
uncertainties can be divided into three parts: (1) atomic density uncertainty
caused by burnup, (2) fission cross section uncertainty, and (3) neutron flux
uncertainty caused by other cross sections and parameters.
The Daya Bay reactor operates with 157 fuel assemblies to produce a total
thermal power of 2,895 MW. The assembly is a 17 × 17 design, for a total
of 289 rods, including 264 fuel rods, 24 control rods, and 1 guide tube. The
enrichment of fuel for the Daya Bay reactor core is 4.45% for an 18-month
reload interval[33]. About one-third of the fuel in the core is reloaded. The
atomic density of the four isotopes as a function of burnup is shown in Fig.
3, and the fission fraction as a function of burnup is shown in Fig. 4. The
fission fraction of 235U decreased with increasing burnup mainly because the
atomic density decreased. However, 239Pu had the opposite trend, mainly
because its atomic density increased.
The cross sections are one of main sources of uncertainty in evaluating
the fission fraction. The most important reaction types for each isotope,
such as fission cross section σf , capture cross section σn,γ, elastic cross sec-
tion σelas, and inelastic cross section σinelas, as well as neutrons produced
per fission ν, were accounted for. The fission fraction uncertainties of each
isotope caused by different reaction types at the beginning of cycle (BOC),
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middle of cycle (MOC), and end of cycle (EOC) are given in Table 3, Table
4, and Table 5, respectively. When we evaluated the fission fraction uncer-
tainties at the MOC and EOC, the uncertainties of cross section were taken
into account and the uncertainties of atomic density were ignored. Instead,
the uncertainties of atomic density due to burnup were taken into account
as described below . Two major conclusions can be drawn from the results
given in the tables. First, the fission cross section is the main contributor
to the fission fraction uncertainties because its uncertainty directly propa-
gates to the fission fraction, and other cross section uncertainties indirectly
propagate to the fission fraction through neutron flux uncertainties. Second,
the fission fraction uncertainties of 235U, 239Pu, and 241Pu are induced by
thermal neutrons because they are fissile and have large fission cross sections
at low energy. However, the uncertainty for 238U is induced by fast neutrons
because it is fissionable but only when the incident neutron energy is larger
than the fission threshold energy. The relative errors of the fission cross sec-
tion are shown in Fig. 5. Although the relative error of 238U at low energy
is very large, the relative error at high energy is relatively small. Therefore,
the overall fission fraction uncertainty of 238U is not very large. The fission
fraction uncertainty of 238U is dominated by the elastic and inelastic cross
sections, as shown in Fig. 4, because of large relative error in the high-energy
region for elastic and inelastic cross sections.
The atomic density of the four isotopes varies because of transmutation
and fission during reactor operation. Atomic density uncertainties come from
the uncertainties of decay data, fission yields, and neutron flux. The results
shown in Table 3, Table 4, and Table 5 neglect atomic number density un-
certainties. Atomic density uncertainties as a function of burnup when prop-
agating incident neutron data uncertainties according to ENDF/B-VII.1 co-
variance data were studied previously[35]. Atomic density uncertainties are
important at the EOC (60GW.d/tU), and the largest uncertainties of 235U,
239Pu, and 241Pu were 1.78%, 2.0%, and 1.91%, respectively. The uncertainty
of 238U was less than 1.0%. To conservatively evaluate the fission fraction
uncertainties induced by atomic density, the uncertainty of 238U was assumed
as 1.0%. The fission fraction uncertainties induced by atomic density as a
function of burnup are shown in Table 6. The values were 0.75%, 0.846%,
1.68%, and 2.14% for 235U, 238U, 239Pu, and 241Pu, respectively .
Fuel and assembly manufacturing uncertainties, such as enrichment, pel-
let density, cladding dimensions, burnable poison concentration, and assem-
bly geometry, are also sources of uncertainty in reactor simulation. Manufac-
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Fig. 3: Atomic density as a function of burnup
turing uncertainties in terms of 3σ are provided in Ref. [27]. Fission fraction
uncertainties caused by manufacturing parameters in terms of 1σ are shown
in Table 7. We found that fuel density uncertainty is the main uncertainty
among all the manufacturing parameters, and the other manufacturing pa-
rameter uncertainties are small.
Considering the above analysis, the total uncertainties of fission fractions
in reactor simulation are shown in Table 8. It can be seen that the total
fission fraction uncertainties are 0.83%, 2.24%, 1.79%, and 2.58% for235U,
238U, 239Pu, and 241Pu at the middle of cycle, respectively.
5. Conclusion
Reactor simulation uncertainties were evaluated using atomic density
comparison calculations from experiments reported previously . In this study,
Monte Carlo-based sampling was used to evaluate the fission fraction uncer-
tainties. It was found that fission cross section uncertainties are important
uncertainty sources for 235U, 239Pu, and 241Pu, but for 238U, elastic and in-
elastic cross sections are important. Among the manufacturing parameters,
the fuel density was the main source of uncertainty; however, the overall
manufacturing parameter uncertainties were very small. The uncertainties
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Table 3: Relative fission fraction uncertainties induced by different reaction type at the
Begin Of Cycle (BOC)(%)
Isotopes Reaction Channel 239Pu 241Pu 235U 238U
235U σf 2.37E-1 2.47E-1 1.22E-1 6.59E-2
σn,γ 7.68E-3 4.68E-3 7.66E-3 7.16E-2
σinelas 3.69E-4 3.79E-4 3.66E-4 5.23E-3
σelas 5.74E-4 5.83E-4 5.65E-4 8.06E-3
ν 1.66E-2 1.46E-02 1.07E-2 1.81E-1
238U σf 3.14E-2 3.13E-2 3.11E-2 4.62E-1
σn,γ 1.44E-2 2.15E-2 1.51E-2 2.10E-1
σinelas 6.79E-2 7.02E-2 6.79E-2 9.94E-1
σelas 9.65E-2 1.00E-1 9.54E-2 1.42E-0
ν 2.83E-3 2.49E-3 1.82E-3 3.09E-2
239Pu σf 5.91E-1 2.42E-1 2.32E-1 4.26E-2
σn,γ 3.04E-2 9.44E-3 8.52E-3 6.41E-2
σinelas 1.02E-4 1.05E-4 1.02E-4 1.44E-3
σelas 1.70E-4 1.74E-4 1.68E-4 2.40E-3
ν 1.75E-3 1.54E-3 1.13E-3 1.91E-3
241Pu σf 4.91E-2 1.42E0 4.84E-2 9.73E-3
σn,γ 1.12E-3 1.38E-3 4.68E-4 9.82E-3
σinelas 2.87E-5 2.85E-5 2.84E-5 3.88E-4
σelas 1.74E-5 2.28E-5 1.78E-5 2.17E-4
ν 7.77E-4 6.86E-4 5.01E-4 8.50E-3
16O σinelas 5.45E-5 5.41E-5 5.48E-5 7.83E-4
σelas 7.15E-2 3.46E-2 1.62E-2 4.42E-1
H σelas 5.45E-2 6.72E-2 6.18E-2 8.92E-1
Total 6.58E-01 1.47E+00 3.00E-1 2.08E+0
σn,γ represent capture cross section,σf fission cross section, σelas elastic scattering cross
section,σinelas inelastic scattering cross section, ν neutron number per fission
12
Table 4: Relative fission fraction uncertainties caused by different reaction type at the
Middle Of Cycle (MOC)(%)
Isotopes Reaction Channel 239Pu 241Pu 235U 238U
235U σf 2.14E-1 2.22E-1 1.45E-1 6.06E-2
σn,γ 5.21E-3 4.22E-3 7.47E-3 5.87E-2
σinelas 3.70E-4 3.84E-4 3.70E-4 5.36E-3
σelas 5.76E-4 5.90E-4 5.73E-4 8.28E-3
ν 1.32E-2 1.16E-2 8.48E-3 1.49E-1
238U σf 3.20E-2 3.19E-2 3.17E-2 4.61E-1
σn,γ 1.41E-2 2.17E-2 1.61E-2 2.12E-1
σinelas 6.91E-2 7.15E-2 6.84E-2 9.94E-1
σelas 9.82E-2 1.02E-1 9.71E-2 1.42E-0
ν 2.72E-3 2.40E-3 1.75E-3 3.07E-2
239Pu σf 5.41E-1 2.85E-1 2.71E-1 5.13E-2
σn,γ 3.57E-2 9.13E-3 1.39E-2 7.61E-2
σinelas 1.35E-4 1.41E-4 1.35E-4 1.96E-3
σelas 2.23E-4 2.35E-4 2.67E-4 3.28E-3
ν 2.30E-3 2.03E-3 1.48E-3 2.60E-2
241Pu σf 7.58E-2 1.40E0 7.51E-2 1.65E-2
σn,γ 1.60E-3 1.92E-3 4.58E-4 1.33E-2
σinelas 4.13E-5 4.17E-5 4.10E-5 5.79E-4
σelas 2.63E-5 3.38E-5 2.30E-5 3.12E-4
ν 1.14E-3 1.01E-3 7.36E-4 1.29E-2
16O σinelas 5.49E-5 5.80E-5 5.97E-5 8.22E-4
σelas 6.94E-2 2.95E-2 9.74E-3 4.36E-1
H σelas 5.85E-2 6.95E-2 6.27E-2 8.95E-1
Total 6.08E-1 1.45E+0 3.46E-1 2.07E+0
σn,γ represent capture cross section,σf fission cross section, σelas elastic scattering cross
section,σinelas inelastic scattering cross section, ν neutron number per fission
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Table 5: Relative fission fraction uncertainties caused by different reaction type at the
End Of Cycle (EOC)(%)
Isotopes Reaction Channel 239Pu 241Pu 235U 238U
235U σf 1.81E-1 1.87E-1 1.80E-1 5.33E-2
σn,γ 3.60E-3 3.87E-3 6.97E-3 4.81E-3
σinelas 3.02E-4 3.14E-4 3.01E-4 4.34E-4
σelas 4.69E-4 4.84E-4 4.71E-4 6.70E-3
ν 1.06E-2 9.31E-03 6.84E-3 1.22E-1
238U σf 3.24E-2 3.23E-2 3.21E-2 4.61E-1
σn,γ 1.37E-2 2.19E-2 1.70E-2 2.13E-1
σinelas 6.70E-2 7.24E-2 6.93E-2 9.93E-1
σelas 9.94E-2 1.03E-1 9.84E-2 1.42E-0
ν 2.64E-3 2.33E-3 1.71E-3 3.05E-2
239Pu σf 4.83E-1 3.43E-1 2.29E-1 6.74E-2
σn,γ 3.53E-2 7.93E-3 1.95E-3 8.98E-2
σinelas 1.62E-4 1.68E-4 1.62E-4 2.34E-3
σelas 2.73E-4 2.86E-4 2.74E-4 3.92E-3
ν 2.67E-3 2.35E-3 1.73E-3 3.09E-3
241Pu σf 1.11E-1 1.362 1.11E-1 2.59E-2
σn,γ 1.99E-3 2.56E-3 6.49E-4 1.91E-2
σinelas 5.82E-5 5.87E-5 5.89E-5 8.33E-4
σelas 3.32E-5 4.42E-5 3.16E-5 4.52E-4
ν 1.61E-3 1.42E-3 1.04E-3 1.86E-2
16O σinelas 5.78E-5 5.94E-5 6.39E-5 8.49E-4
σelas 6.64E-2 2.51E-2 6.56E-3 4.31E-1
H σelas 6.09E-2 7.08E-2 5.33E-2 8.99E-1
Total 5.51E-1 1.42E+0 4.15E-1 2.07E+0
σn,γ represent capture cross section,σf fission cross section, σelas elastic scattering cross
section,σinelas inelastic scattering cross section, ν neutron number per fission
Table 6: Fission fraction uncertainties caused by atomic density change during burnup
(%)
Isotopes 239Pu 241Pu 235U 238U
235U 1.07E+00 1.12E+00 5.36E-01 1.93E-01
238U 5.34E-02 6.03E-02 5.97E-02 8.24E-01
239Pu 1.29E+00 5.56E-01 5.16E-01 7.24E-03
241Pu 7.17E-02 1.73E+00 7.10E-02 3.27E-03
Total 1.68E+00 2.14E+00 7.50E-01 8.46E-01
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Fig. 6: Cross section relative error of 238U vs the neutron energy
Table 7: Fission fraction uncertainties caused by manufacturing parameters (%)
Isotopes Clad Pellet Fuel Gap 235U Total
thickness diameter density thickness enrichment
235U 2.12E-15 5.37E-5 2.82E-4 5.45E-5 9.03E-5 2.92E-4
238U 1.01E-15 6.99E-4 3.91E-3 7.21E-4 3.81E-5 4.03E-3
239Pu 1.46E-15 2.80E-5 2.01E-4 3.04E-5 1.79E-4 2.05E-4
241Pu 1.13E-15 5.6E-5 2.98E-4 6.10E-5 1.87E-4 4.03E-3
Table 8: Total fission fraction uncertainties(%)
Operation state 239Pu 241Pu 235U 238U
BOC 1.80 2.59 0.81 2.24
MOC 1.79 2.58 0.83 2.24
EOC 1.77 2.57 0.86 2.24
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induced by burnup were evaluated using the uncertainty of atomic density
of the four isotopes. The total fission fraction uncertainties in reactor sim-
ulation at the MOC were 0.83%, 2.24%, 1.79%, and 2.58% for235U, 238U,
239Pu, and 241Pu, respectively. The total fission fraction uncertainties were
smaller than the previously obtained value of 5%. These results are help-
ful for study of the reactor antineutrino anomaly and precise antineutrino
spectrum measurement in the Daya Bay antineutrino experiment.
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